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ABSTRACT

This is a continuation of a heat-transfer investigation
performed as In-House Laboratory Independent Research to de-
termine the effect of interfaze thermal-resistance on multi-
layer gun barrel radial temperature distributions. In pre-
vious Technical Reports 69-121 and 70-155, published under
the same title, the task of establishing the feasibility of
induced interface-resistance was discussed.

During this reporting period, heat-transfer analysis and
experimental correlation were continued. An experimental
M60 gun barrel was fabricated and tested. The reduced outside
barrel temperatures, of this firing test, demonstrated the
effect of interface thermal resistance. Also, a significant
effort was directed toward establishing fabrication techniques
for a full-length thermal interface barrel. As a result of
these efforts, a patent application has been submitted by
the Research Directorate, Weapons Laboratory at Rock Island
to cover this concept.
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OBJECTIVE

The objective of this analysis was to analytically and
experimentally determine the effect of interface thermal
resistance on multilayer gun barrel temperature distri-
butions. Specifically, analysis was to be conducted to
establish the design criteria for an experimental test
barrel. Then, based on experimental correlation and ad-
ditional analysis, design requirements were to be deter-
mined for a full-length modified gun barrel with consider-
ation of the interfacial material requirements and forming
processes.

INTRODUCTION

Consistent with an overall effort to increase weapon-
firepower, this heat transfer analysis performed by the
Research Directorate, Weapons Laboratory at Rock Island has
been directed toward reducing gun barrel heat-transfer.
Previous investigations under this subject, have been di-
rected toward the preliminary task of analytically and ex-
perimentally substantijating the influence of induced-inter-
face thermal resistance, and of measuring interface thermal
resistance for various interfacial conditions.

The current investigation was coupled with previous
analysis to establish design criteria for a full-length
composite gun barrel with induced interface resistance. An
M60, 7.62mm gun barrel was designed, fabricated and both
analytically and experimentally evaluated.

A comprehensive study was undertaken to evaluate various
fabrication techniques for gun barrels with full-length
thermal-resistance interfaces. As part of this study, a ma-
terial survey was performed to establish the most promising
interface materfals. Parameters considered in this survey
included thermal conductivity, material stress properties,
and thermal coefficient of expansion. The various barrel-
forming techniques evaluated included co-extrusion, swaging,
and shrink-fit. Guidelines were established for future
fabrication of full-length modified gun barrels.

Acknowledgment is extended to the Metallic Materials
Application Team and to the Process Technology Application
Team, both of the Research Directorate, Weapons Laboratory
at Rock Island for their contributions and guidance in the
establishment of multilayer gun-barrel-form n? criteria and
in the application of interface material coatings.




ANALYTICAL AND EXPERIMENTAL INVESTIGATION

Heat Transfer Analysis

As part of the effort to establish design criteria for
a full-length thermal interface gun barrel, analysis was
performed on an M60 gun barrel to calculate temperature
distribution as a function of induced interface thermal re-
sistance. A gun barrel with a configuration, as shown in
Figure 1, was analyzed to predict radial temperature dis-
tributions in the modified section of the gun barrel.

Experimental time-temperature history data for a stan-
dard M60 gun barrel was used to calculate effective pro-
pellant gas convection coefficients and gas temperatures.
For the condition in which all heat is dissipated in the
gun barrel or in which heat input by convection is equal to
t?e c?ange in barrel internal energy, the governing expres-
sion is:

h A[T -T] = pc ArA %I

where h_ = propellant gas convection coefficient
T. = propellant gas temperature

A = bore surface area

A_ = mean surface area

T = gun barrel temperature

Ar = wall thickness

p = guﬁ barrel nateriaj donsity'

C_ = specific heat of gun barrel material

,%%-. rate of change of gun barrel teaperatures
with respect to time.




FIGURE 1
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As the outside barrel temperature increases, dissipation to
the surrounding environment must be accounted for in the
equation. Heat transfer by radiation and convection is ad-
ded to th> equation and the solution for hg and Tg follows

by the same procedure. A typical computer program, based

on the equation given above, for the calculation of effec-
tive propellant gas convect.on coefficients and temperatures
is given in Appendix A.

Knowing effective propellant gas temperatures and con-
vection coefficients, radial gun barrel temperatures (as a
function of rounds fired) can be calculated for composite
gun barrels with i.luced interface resistance. A computer
program in which a (rank-Nicolson algorithm is used was
employed for this purpose. A copy of this program is given
in Appendix B. Results of these calculations are shown in
Figure 4.

Based on the induced interface thermal resistance re-
quirements determined by this analysis, an M60Q gun barrel
was modified by the insertion of a Zirconium Oxide (Zr0;)
coated section as snown in Figure 1. The various fabri-
cation and assembly drawings for this modified gun barrel
are shown in Appendix C. Detailed steps involved in the
fabrication of the insert section and in the application
of the Zr0, coating are shown in Figure 2. This was the
first attempt to shrink-fit an outer sleeve over a ZrQ,
coating. Results of this effort were applied in the fabri-
cation inv.stigation of a full-length modified gun barrel
discuss2d later in this report.

Experimental Results

The modified M60 gun barrel of Figure 1, along with a
standard barrel, was instrumented with thermocouples for a
live-firing experiment to compare barrel temperatures and
as an experimental correlation of the theoretical analysis,
This experiment consisted of continuous automatic fire of
400 rounds at a firing rate of 600 rounds per minute.

Results of this firing experiment are presented in
Figures 3 and 4. External gun barrel temperatures are plotted
for two axial locations, 11.2 and 12.2 inches from the breech,
both located within the modified section of the gun barrel.
Both standard and modified measured gun barrel temperatures
at the 12.2-inch loration are given in Figure 3; whereas,
both standard and modified measured gun barrel temperatures
at the 11.2 locatior, along with calculated temperatures
for this location are compared in Figure 4.
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Barrel Segment as Received
Surface Preparation 44
Threads/Inch 0D = .512"

Zirconium Oxide Applied OQver
Bond Coat
0D = .612"

FIGURE 2

Bond Coat Applied Nickel Aluminide
Composite #450
A Metco, inc. Product 0D = .528"

Coated Liner Ground to Fit C140299
0D = .588"
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The modified section operated at approximately 100°F
cooler after 400 rounds than the same location on a stan-
dard gun barrel. Also, calculated temperatures, shown in
Figure 4, are lower than those measured. This can be
accounted for because the axial heat conduction into the
specimen was neglected in the calculations. A signifi-
cant amount of heat is transferred from the higher tempera-
ture, unmodified section into the modified section. Hence,
a full-length modified gun barrel would operate at lower
temperatures than measured, that is, at temperatures closer
to those of the analytical calculations.

INVESTIGATION OF FABRICATION TECHNIQUES FOR MULTILAYER GUN
BARRELS WITH INDUCED INTERFACE THERMAL RESISTANCE

The investigation of fabrication techniques for multi-
layer gun barrels with induced thermal resistance was sub-
divided into two interrelated subtasks - material selection
and forming processes. Material properties will be par-
tially altered by the forming process; furthermore, because
of the limited number of low thermal conductivity materials,
the number of forming processes available is limited by
material properties.

Interface Material Selection

Various ceramics and other materials have been investi-
gated for application in the fabrication of a full-length
thermal interface gun barrel. High-temperature resistant
materials with the low-thermal conductivity (1ess than
1 BTU/hr ft °F) required for a thermal barrier typically
exhibit low tensile and shock strength properties. Nor-
mally, plastic deformation is absent prior to mechanical
failure. With these property limitations in mind, two de-
sign approaches have been taken to obtain a mechanically
stable barrier, First, the material can be a load-carrying
member, solid configuration, capable of withstanding hoop
stresses, thermal stresses, and axial shear stresses present
during normal firing. Secondly, the material can be required
to transmit loads to the outer sleeve that functions as a
support for the entire assembly.

Based on these design requirements, thermal-material
selection criteria have been established as follows:

1. Material must have low-thermal conductivity (less
than 1 BTU/hr ft °F).




2. Material must be chemically and metallurgically
stable, up to 3000°F. That is, no chemical or metallurgical
reactions occur, such as material phase change or carbiding
of other composite materials.

3. Material should have high-thermal shock resistance
to preclude material breakdown during repeated thermal
cycling (primarily for the solid configuration assemblies).

4, Interfacial material must have a linear coefficient
of thermal expansion (CTE) similar to that of the barrel
materials (Cr-Mo-V steel, a typical barrel material having

a CTE of 7.8 X 10~° in/in °F). Any CTE mismatch can result
in failure in both the axial and the radial directions be-
cause of assembly separation during thermal cycling.

5. Interface material must be capable of sustaining
or transmitting all modes of barrel loading.

The two most promising interface materials that closely
satisfy these criteria are zirconium oxide (Zr0,) and aniso-
tropic boron pyrolytic graphite (bPG). Because of the dif-
ferent nature of these two materials, they will be discussed
separately.

Zirconium Oxide

Zirconium oxide (Zr0,), dependent upon the manufacture
of the basic oxide and the coating process, varies in me-
chanical and thermal properties. Material density (percent-
age of porosity), degree of stabilizing agent employed
(Mg0, Ca0 prevent material phase-change throughout the
operational temperature range), and degree of metallic
alloying are the primary causes of these property variances.
IZr0, may be found in various commercial forms, some of
which are as follows:

1. Powders - applicable for flame-spraying.

2. Free-standing ceramic bodies (for example, extruded
or pressed parts).

3. Tapes, papers, and fabrics.

A tabulation of typical therma) and mechanical proper-
ties for a sintered Zr0, (flame spray, partial stabilization)




is as follows:

1. Thermal conductivity - .541 BTU/hr ft °F
2. Density - 374 Lb /Ft’

3. Linear coefficient of thermal expansion
5.6 X 10°° in/in °F (RT to 2200°F)

4. Specific heat 0.13-0.18 BTU/me °F at 200 to 1950°F
5. Ultimate tensile strength (ps1)
21,120 at RT

15,000 1625°F
13,230 1886°F
12,000 2192°F

6. Ultimate compressive strength (psi)

303,000 at RT
100,000 2370°F

For a load-sustaining assembly (solid material config-
uration), the ceramic material must maintain its structural
integrity. Therefore, the material mechanical properties
must be sufficient to withstand all stress modes. Initial
stress calculations with a homogeneous barrel assembly in-
dicate that material failure will oOccur unless a precom-
pressive stressing of the interface material can be obtained.
For example, a gas pressure of 65,000 psi will cause a tensile
stress at the interface in excess of 25,000 psi that exceeds
the ultimate tensile strength of Zr0 . Also, uneven axfal
loading can be a source of interface-material cracking. Ex-
perimental verification of assembly structural integrity
must be performed to determine the significance of cracking. .

In a load transmission assembly, 2r0, is required during
forming to compress to a highly compacteé. dense powder.
During actual firing, no further compaction or shifting of
the material s allowed The assembly procedure necessar{
to obtain maximum compactrons and proper natural flow wil

be determined experimentally in the future.

Anisotropic Boron Pyrolytic Graphite (bPG)

Boron pyrolytic graphite (bPG) exhibits strong aniso-
tropy (different property values along different axes) in

10




thermal and mechanical properties. This material is manu-
factured by a high-temperature, vapor-deposition process;
therefore, it occurs only as a free-standing body con-

figuration. The diagram below indicates the primary prop-
erty directions for a radial element:

C

Radial Element

Anisotropy is exhibited in only two directions of a cylin-
drical coordinate system. The "c" property direction lies
on the radial component and the "ab" property direction is
a surface comprising the circumference and the axial axis.
For use as an interface material, the "c" direction is the
controlling direction. The alloying of basic pyrolytic
graphite with boron (0 to 1.2%) results in alteration of

1"




material properties in both the "ab" and "c" directions.
A percentage increase in boron causes a decrease in thermal
conductivity, a major advantage for this application.

A material property compilation is presented in Table I
for a zero percentage boron content:

TABLE 1
Direction
Property c ab Units
Ultimate Tensile 1,500 14,000 psi
Strength (RT)
Ultimate Flexural 1,500 21,000 psi
Strength (RT)
Ultimate Compressive 68,000 14,000 psi
Strength (RT)
Thermal Conductivity (RT) 1.00 200 BTU/hr °F ft
(2500°F) 0.66 58
Specific Heat (RT) 0.26 BTU/Lby, °F
Linear Coefficient 10.8 0.2 in/in °F x 10°°

of Thermal Expansion

Thermal condnctivity data are given in Table Il for the “"c"
direction as a function of the percentage of boron alloying:

Per Cent, Boron
1.2
0.75
0.35
0

TABLE 11

12

Thermal Conductivity
BTU/hr ft °F

v 0 36
0.45
0.54
1 00




Mechanical properties are unavailable for boron alloying.
Theory indicates that alloying will increase strength
properties.

Application of bPG as an interface material! i1s feasible
for a solid configuration. Some work has been done with
co-extrusion of isotropic graphite materials. The diffi-
culty encountered was that isotropic graphite did not de-
form plastically during extrusion; therefore, composite
failure occurred.

A deterrent factor in applying bPG as an interface
material involves the mismatch of linear coefficrents of
thermal expansion (CTE). A compar?ison of bPG materral with
typical barrel materials indicates that, both in the “"c"
direction and on "ab" surface, the CTE varies significantly
enough to cause composite failure because of material sepa-
ration during thermal cycling. Also, binding during shrink-
fit operations could occur due to expansion in the "c" di-
rection. Further analysis and experimentat:on will have
to be undertaken to confirm and reso've these problems

The problem of carbonizat:on of barrel steel during
thermal cycling was 1nvestigated Nuc'eation of carbon
atoms along the steel grain boundaries could wnitiate
microscopic cracking due to mater:a’ hardening, but the
feasibility of composite failure due to carburi1zing was de-
termined minimal

Forming Processes

The primary consideration 1n the ‘orming process is that
of the structural integrtty of the compos:te gun tube.
Basic design considerations used as guidelnes for this in-
vestigation are listed below: :

1. Liner and slee§e assembl)res myust be the primary
load-carrying composite members.

2. Feasibility must be determined for application of
precompressive loading at the interface to offset tensile
stresses generated by pressure and the:mal stressing.

3. Significant design changes to the overall weapons
system must be kept to 3 minimum

4. Bore liner materid} must withstand the higher bore

temperatures engendered by application of the therma!
barrier. . ‘ » ‘ ’

13




Three principal fabrica:ion processes have been in-
vestigated. These are as follows:

1. Shrink-fit assembly (one- or two-piece approach).

2. Swaging of outer sleeve over inner liner and
interface material.

3. Hot coextrusion of entire three-piece assembly.

All these processes require three major components, an
inner liner, a thermal interface resistance material, and
an outer retaining sleeve. Each of these processes will
be discussed in the following sections.

Shrink Fit

Current manufacturing procedures limit the shrinkage
lTength to approximately 10 inches. By ar increase in the
assembly rate, an increase in the temperature difference
between sections, and an increase in the clearance toler-
ances (a reduction in final interference between sections),
longer length fits can be achieved. By controlled procedures,
sections have been assembled in excess of 30 inches. Initial
design work on an M60 gun barrel indicates that a one-piece
shrink-fit can be accomplished.

The primary advantages of a shrink-fit assembly are
lTisted below:

1. Solid interface sections may be employed, either by
flame spraying the interface material on the liner, by use
of free-standing ceramic cylinders, or by use of ceramis
tapes or fabrics.

2. A precompressive load may be applied (dependent
upon the amount of interference d.siredg to the ceramic in-
terface, thus the initial stress characteristics are enhanced.

With a solid interface section configuration, the dbond-
ing mechanism between liner and interface material, and like-
wise between interface materfal and outer sleeve, should be
considered. Bonding may be established through mechanical
means such as roughened surfaces, cemenis, or flame-spray
coats. . :

Initial calculations performed for an M60 gun barrel
show that a precompressive 1oad of 59,000 pst can be devel-

oped for a 1.5-mil finterference. An expansion of 2.5-mils

14
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can be achieved with a temperature difference of 10005F
Hence, by an increase in assembly rates, a 1onger shrink-
fit apparently can be achieved. '

Swaging

Swaging has & direct application for the forming of a
composite material barrel blank. The process is relatively
inexpensive when compared with other processes. Major prob-
lems are generated in the swaging -of brittle materials.
Rotary swaging will cause, as a function of radial angle
and axial speed of the workpiece, an:uneven reduction in
material cross-section. The cyclical nature (a fluctuating
angular radial force) of the swaging process and the low
impact-resistance of ceramic materials will cause pulveri-
zation of the ceramic interface during aSsemblK this results
in the ejection of the ceramic material from the assembly
Also, interface material will be unevenly distributed around
the circumference of the assembly. Even though solutions to
the many problems associated with: the swaging process have
not yet been determined, this process is.believed to have
exceilent potential in view of the low process cost fnvalved.

]

Hot Extrusion

Under normal practice, when two or more materials are
extruded together, they become metallurgically bonded a
the interface. In the case of. cera?ics and metals, this
action does not occur. Ap end configuration comprises an
inner liner, a densely compacted oxide powder, and an outer
sleeve. Because of the differences in hot working tempera-
tures (Cr-Mo-V steel from 1900°F to 2100-F and Zr0, approx-
imately 4800°F); plastic deformation of the ceramic material
is impossible without exceeding its ultimate shear strength.
The resulting interface transmits hoop stresses and thermal
stresses to the strength-bearing members. However, axial
shear-stresses due to projectile frictional forces can
cause asseubly failure. ;

A number of approaches for the so'utton to the problon
of axfal shear fatlures are as fo‘lons. .

1. Electron bem-welding of reta'n‘ng rings over the
muzzle and breech ends of the gun barrel This approoch is
applicable to all processes under discuss\on.

2. Another approach, Applicablo to hot extrusion, would
iavolve the use of 1iner supports These supports uould be
!

)
H
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attached periodically along the length of the liner (similar
to cooling fins). Ceramic material would be used to make

up the remainder of the annulus. The liner, liner support,
ceramic, and sleeve section would then be extruded. The
resulting configuration would consist of a liner support,
metallurgically bonded to both the liner and the sleeve
assembly, with the interface material distributed between
the liner support as a high density powder.

3. The interface material can be alloyed with free
metallic atoms, copper for example. The percentage of
alloying can be varied from 10 to 20 per cent of the inter-
face material. During extrusion, the alloyed material will
flow and form metallurgical bonds with the liner and the
sleeve assemblies. The resultant configuration would con-
sist of a sclid interface material that could withstand
axial shear.

FUTURE EFFORTS

Presently, two gun barrels are being evaluated for fab-
rication of a full-length thermal resistance interface. The
two gun barrels are an M60 7.62mm and a MK11 Mod. 5, 20mm.
Preliminary design of an M60 gun tube with a shrink-fit
assembly (30 mil coating of Zr02, high-density flame spray)
is nearing completion. A major redesign of the breech sec-
tion is necessarily unavoidable to inclose a full-length
interface barrel. An extensive test program will be initi-
ated to measure temperature profiles and erosion wear as a
consequence of high bore-temperatures.

A coextrusion process is under investigation for placing
a 30- to 35-mil Zr0, interface into a MKil Mod. 5 gun barrel.
This investigation includes selection of the liner material
and the outer sleeve material consistent with the coextru-
sion-process and the operational temperatures. Three com-
plete MK11 gun barrels are contemplated for fabrication and
testing.

SUMMARY AND CONCLUSIONS

A second live-firing experiment was completed using an
M60 gun barrel with a Zr0, thermal interface as the test
vehicle. The test section for this experiment was located
near the muzzle end. Good correlation between theory and
experimentation was obtained. A significant number of
rounds were fired with no apparent deterioration of the

16




modified section. Experimental results further substantiate
the temperature reduction for the outer sleeve of the modi-
fied section. The significance of this temperature reduction
becomes more apparent when axial conduction into the test
section from the unmodified portions of the gun barrel are
taken into account.

Design criteria have been established for two full-length
thermal interface gun barrels. The 7.62mm, M60 gun barrel
will consist of a shrink-fitted outer sleeve over a coated
liner. The 20mm design, however, will be based on a coex-
truded composite gun barrel with Zr0, positioned between a
high-temperature liner material and an outer sleeve of
Cr-Mo-V steel. Future efforts by the Research Directorate,
Weapons Laboratory at Rock Island will involve the fabri-
cation and testing of these full-length modified gun barrels.




APPENDIX A
!

Digital Computer Program for Calculating
{ Propellant Gas Convection Coefficient and
Temperatures
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J/PRINT JOB (0174093410, *GED STILESY ST T 08 2

¢ PROGRAM TO DETERMINE VALUES FOR HG & TG 2/18/71
_ DIMENSION 38(20), CC(420), DD(420), HBAR(5) , TWi5), DTWDT(5)
Ly T8US), TOU5), TTLL200, CPL(201, YI{30i
CUMMON /BLK2/ X(30)s Y1(30), Y2({30), OTDT{30}, YY(30)

TW - AVERAGE WALL TEMPERATURE
RHD -~ DENSITY
_ CP - SPECIFIC HEAT .
" "HBAR ~ EFFECTIVE CTNNVECTION CUEFFT
HBAR =XK1 * TW¥%2 4XK2 * TW +XK3
DR - DELTA R
TA - AMBIENT TEMPERATURE
THETA - TIME
.. RI IS BORF RADIUS
RO 1S OUTSIDE RADIUS
RATIC IS FROM 1| THRU KU/R}
IKKMAX REPRESENTS MUMBER UF ~TIME VS TEMP~ DATA CHANGES
IKKMAX = 1
DO 111 IKK = 1,lKKMAX
C N REPRESENTS NUMBER OF ORDERED PAIRS, o
"READ 1y Ny (XCDD, YYICEYy 1T =1,N)
} FORMAT{I5/(2F10.0)) , o ~
C M IS THE NUM3ER OF CUNSTANTS NEEDED FOR NEGREE OF POLYN. DESIRED.
M=3
c NC IS THE NUMBER 0OF PASSES THROUGH LEAST SQUARES SUBROUTINE, AT THIS
. ... .._POINT IS USED ONLY TO MATCH TIMF VS. TEMPERATURE, :
NC = 1 &
CALL LSTSQIMsNeNC) ~
00 3[4 =1y N
3 YI(I3) = YY(1y)
READ 5,IRATIO,X1, RO, RHO, CP, XK1, XK2, DR, TA, XK3
5 FORMAT(IS5/(8Fl0.0)) o
DR = RO = RI '
c IRAYIO IS THE NUMBER OF RATIU TESIS PER EACH IKK e
00O 110 1JI = 1, IRATID
READ 8, RATIO - o -
8 FORMAT(F10.0)
RO = RATIO * RI

ENT

OO OOON

c

IL = 0 — N e e
c N IS THE NUMBER OF DATA SETS.

NN = N = 1 . S
C NN IN NEXT CAD MUST BE CORRECT NUMBER (F DATA SETS READ IN - (NE * =%

DO 100 1J = 1,NN

Tati1r = vi(iyg)

DTWDTH{1) = DINT{IJ) * 3600690 e o
TOt2) = YIULJ + 1)
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TDTWDT(2) = DTDT(IJ + 1) # 3600.0

C
PRINT 20, RATIO, TO(1),TO(2)DTWDT(1)y DOTWDT(2)+RHOy CPysXKLl,
1 _XK2y DR, TA, XK3, Rl, RO
20 FORMAT(10H RO / RI =,F12.4s 10X, 8H TO(l) =4F1l2.4,
1 10Xy 8H T0O(2) =,F12.4/7H OT(1)=4Fl2.4, 10Xy 6HDT(2)=,Fl2.4, 10X,
2 6H RHO =,F1l2.4y 10Xy S5H CP =4F12.4/ SH K1 =,E12.445X,5H K2 =,
3 El2.4y 5Xy SH DR =y E12.445XKs5H TA =4FB,1/15Xy 6H XK3 =9 E12,6,
4 10Xe14H BORE RADIUS =4E12.6, 10Xy, 17H QUTSIDE RADIUS =, El2.67/)
DO 301 = 1, 2
HBAR(]I) = XK1 * TO(I) #% 2 + XK2 * TO{l) + XK3
. PRINT 25,1,HBAR(1)
25 FORMAT({ 8H HBAR( ,I12,5H )} = ,E12.5)
...30 CONTINVE
AB = 2. * RI
AD = 2. * RO
AM = Rl + RO
TM1 = AM * (DTWDT(1l) - DTWDT(2)) * RHO * CP * DR
PRINT 35, AB, AD, AM, TM]
35 FORMAT(/6H AB = ,E12.496H AQ = ,E12.4,5X96H AM = ,E12.4,5X,
1 14K FIRST TERM = ,El12.4/)
C
HG = TM1 / ((TOD(2) - TO(l)) * AB)
TGAV = 0.0 e
DO S0 I = 1,42
IT = T10(1)
TG = TO(1) + {(RHO*CP*DR* AM * DTWDTY(I)) / HG / AB
TGAV = TGAV + TG
PRINT 40, HG,y T6
| 40_FORMAT(5H HG =,E12.4, 10X, SH_TG_=sE12.4)
50 CONTINUE
__TGAV_= TGAV / 2.
DTO = TO(2) - TO!1)
TAVG = TO(1l) + DTO / 2.
PRINT 55, DTO, TAVG, TGAV
55 FORMAT(18H TEMP DIFFERENCE =, E12.5, 15X, 23H AVERAGE QUTSIDE TEMP
1 =y E12.4y 10X, 14H TG(AVERAGE) =, El2.4/)
c
C THE SECOND QUANTITY IN THE FOLLOWING STATEMENT REPRESENTS THE
C TOLERABLE DIFFERENCE BETWEEN CONSECUTIVE TEMPERATURES.
C FOLLOWING NUMBER (300.0) MAY HAVE TO BE LOWERED
N IF(DTD «GT. 300.0) GO TO 100
c 11 REPRESENTS THE NUMBFER OF ORDERED PAIRS.
11 = 11 + |
ID = 11
X(11) = TAVG
YI(I1) = HG
¥Y2(I1l) = TGAV
IMm = 11

70 IM = M - ]

IFIXUID) «GE. X(IM)) GU TO 80
XD = X(10)

Y10 = YI{ID)
Y20 = vY2{1D)

X(IDY = x(IM)
YI1(ID) = Y1(IM)

TY2010) = Ye(IM)
X(IM) = XD

YI(IM} = YD
Y2(IM) = Y20

S 10=10 -1
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TG0 TO 70
80 CONTINUE

[ NOw ORDERED - AND II VALUE IS THE NUMBER OF ORDERED PAIRS ----

¢ . e o
100 CONTINUE

c

PRINT 105, (X(I)y YI(I)y YZ2UI)y 1 =1, I1)
105 FORMAT(10X, E12.5, 10X, F12.5, 10X, F12.5)
M= o4
NC = 2 )
CALL LSTSQUM, II,NC)
110 CONTINUE
111 CONTINUE
CALL EXIT
END

SUBROUTINE LSTSQ({M,N,NC)
OIMENSION B(20),Ct420),0(420)
COMMON /BLK2/ X(30), Y1(30), Y2{30}, DTDT(30), YY(30) o
THIS SUBROUTINE IS GOOD FOR SECOND DR THiRD CEGREE POLYNOMIALS, ONLY.
M = NUMBER_GF CONSTANTS NEEDED FOR DEGREE_OF PULYNCMIAL DESIRED.
KEEP THE PILYNOMIAL AT DEGREE TWO TC AVGID POINTS OF INFLECTION.
N = NUMBER OF ORDERED PALRS READ IN.
D0 1 1=1,N
1 Yy(n Yien oo
NC 1 THE FIRST TIME THROUGH (MATCHES TIME VS TEMP).
________NC = 2 THE SECUND, AND LAST, TIME THROUGHI{MATCHES TIME VS HG_ANU TIMF
S TG(AVE) V.
DD 400 IJK = 1,NC
N1=(M+1)%M
~ D0 2 I=1,N1
2 bi{1n=0.
e K=1 e
3 XX = X(K)
Y = YY(K) ‘ ¢
Bll)=1.
. DO 4 I=2M
IEXP=-1
GBI =XX ®XIEXRP e e -
I1=0
1=1
J=1
_ JJd=0
S ISUBL=I1+1+4J
_IsuB2=iegy .
Tl1SuBil)y=B(J)=B(ISUB2)
DLISUBL)=D(ISUBL)I+CLTISUB])
IF(I4JJ GE. ™) GO TU &
I=1+1
GO T0 5
6 Izl+l o
1SUBLsTT+1+JJ
CUISUBL)=B(J)»Y
D{ISUBL)=D(ISUBL)+CIISUBL)
IF(J +GE. M) GO TD 7
Il=s]1eMe}]
B L 2 PO
ST
60 10 5
7 KsKel

coono

alaXs
o

N

[ —— m— - A e — o — ——— w4

ey i v—_— - —— - —
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i

IF{K «LE« N) GO TO 3
JJ=M+1
J=1
1=2
K=0
NIN=1
9 1JOoBl=JJ+J
[JOB2=1+K
D(1408L)=0(1JUB2)
IF(J GE. NINY GO TO 11
CIELLGE NIN) GO TOML
J=J+1
GO TO 9
11 NIN=NIN+1
K=0
Lletry
J=1
JJ=JJ+M+]l
IF(JJ «LE. {M=1)%(M+1l)) GO TO 9
~ NORMAL EQUATIONS IN D(1) COMPLETED TO HERE
IN=1
[QUT=M+1

DO 40 LP=1yM

MB=M+]

DO 20 I=1,M8
20 Ct1)=0D(1)

IF(C(1) .EG. 0.0) GO TO 800
J=M+2

M3=(M-2)#M8

K20

25 DO 30 lI=1,M

Ip=11+K
11Q=y+11

30 D(1IP)=DIIIQ)-DIJI*CIITI+1)/C())

DEIIP+L)=-0(J)/CI1)
Ld=demMs

K=K+M8

IF(K JLE. M3) GO TO 25
DO 35 Il=14M

LIR=114K

35 DUIIR)I=C(II+1)/C(L)
D(IIR+1 )=l /CHL L)

40 CONTINUE
JX=0
00 50 I=1y,NlyM8
JXzJX+1

B(JX)=D(1)

50 CONYINUE
PRINT 53

53 FORMAT(//53H COEFFICIENTS UF FITTED CURVE BEGINNING WITH CONSTANT
17
PRINT 54, (DU1), 11,81 ,M8)

54 FORMAT(4N20.8)
1F(M JEQ. &) GN TO 68
NBC=]1+M8
NACaNUC+MB
8C=D(NBC)
AC=D(NAC)
GO 10 76
68 NCC = 1 « M3
NBC =2NCC ¢ MH

r L e i ———— AT —— i 2 i
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NAC = NBC + WA
L =D0oINCC)
~BC=DINBC )
AC=D(NAC)
76 PRINT 77
77 _FORMAT(//14X1HX19XIHY1TXBHFITTED Y15XSHSLOPE)

IF(M .NE. 3) GD TO 79

BAA = - BC / 2. / AC . . ~ o .
PRINT 78, BAA

78 FORMAT(/25X, 29H VERTEX OF PARABOLA [S AT X =, E12.4/) <
GO 10 84

79 XINFLP = ={2. = 8C) / 3. / (3. * AC)
PRINT 80, XINFLP
80 FORMAT(/10Xy 27H*** INFLECTION PDINT AT X =, E12.4, 4H *%2/)
DISC = (2. *BC) ** 2 - 4, * (3, % AC) * CC
IF(DISC «.LT. 0.0) GO TO 82
Rl = (=2, # BC + SQRYTIDISC)Y) 7 2. /7 (3. * AC)
R2 = {~-2. * BC ~ SQRT(DISC)) /7 2. / (3. * AC) o \
PRINT 81y R1ly R2
81 FORMAT(/28H THE REL MAX AND/OR MIN ARE 4 5Xs F12.4, 10X, Fl2.4/)
GO TO 84
82 PRINT 83
83 FORMAT(/57TH THE THIRD DEGREE POLY HAS NO REL MAX NOR REL MIN VALUE
18 /)
IF(NC .NE. 2) GO TO 89 T
84 [F(IJK +EQ. 2) GO TO 87
PRINT 86
86 FORMAT({/15Xy 34H #*%%#x TEMP(QUTSIDE) VS HG *%%%%/)
G0 10 89
87 PRINT 88
88 FORMAT(/15X, 34H »s%s% TEMP(OQUTSIDE) VS TG #essn/)
89 D0 121 LLL=L.N
XX = X{LLL)
Y = YYILLL)
YF=0.0
D0 94 Is]lM
1EXP=}-1
IXf=XX

IF(IXY .NEe O) GO TO 93
.. IFLIEXP.NE, 0) GO _TQ 92 . e
YF=YF4B(1)
_ . GD TO 94
92 YF=YF
GO TO 94 i
93 YF=YF+B8({1) & XX selEXP
_9¢ CONTINUE
IFIM +EQ. &) GO TO 96
DY=2.*AC*XX + BC
G0 TO 98
96 OT = 3. #* Bl4) * XXe¢
96 DT = 3, * AC 5 AXe»
98 IF(NC +EQ. 2) GO VO 99
“TFINC «EQ. 1) YYILLL) = ¥F
DIDTILLL) = DT
99 PRINT 1204XXy Yo YF, DY
120 FORMAT(//4F20.6)
121 CONTINUE
IFINC .EQ. 1) GO TO 800
TF(1JK .EQ. 2) GO TO 400
DO 131 1 = LN
131 vyyitly = v2(l)

z. * B(3) *XX ¢ B(2)
2. * BC  *Xx + CC

S wma iwa T e G MR L/ v e Ml s e W NURY A VAR e e e

2
2+
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400 CONTINUE
800 RETURN - . e ;
END

- - - e m e s —— T ———————e s = e §
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Gun Barrel Heat Transfer Program
Uytilizing Crank-Nicolson Algorithm
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//PRINT JOB (0174093,1),°GEV STILES®

C ONE-DIMENSIONAL TRANSIENT HEAT CONOUCTION PROGRAM (MT-2A)

C THIS PROGRAM (S A GENERAL PROGRAM FOR THE SOLUTION OF CONDUCTION

C PROBLEMS WITH TEN OR LESS REGIUNS INCLUDING INTERFACSAL RESISTANCES
C BEIWEEN REGIONS

OINENSION IDFELOD(9)

OATA 1DFELD /° *o'STEVO,'C BO o *STHI®o*CK  *,*AMSW®, *E-RE*,*T-E
l‘.'. .’

WRITE(L4) IOFELD

OIMENSION XLAR(S),YLABIS),GLABIS)DATLAR(S)

DIMENSION XBS!5),YBS{5),GASI5),08S(5)

OIMENSION LABLIG20),LABL2(20),LABL3I20)iABL&I20),LABLS(20),LABLGI
120),LABLT{20),LARLBL20)

OIMENSIUN LABLO(201,LABLIOL20),LABLELI20),LARLLI2(20)LABLLINI20),LA
18LI4E20)LABLISE20),LABLIGI20),LABLETI20) LABLINC20),LABLEISI20),0LA
28L20(20),LABL21(20)

DINENSION LABL22(20),LABL23(20).LABL24120),LABL25(20),LABL26(20) .0
1ABL2T(20),LABL28120),LABL29120).LABLIOI20).LARL3L(20)

READ S00,XLAB.YLABGLAB,DATLAS

READ SO0,LABLI,LARL2,LABLILABLALABLS,LABLG,LABLY,LABLS

READ S00,LABLILABLIOGLABLIL,LABLI2oLABLLILLABLISGLARLIS,LABLIG, LA
IBLL7,LABLLIG.LABLIFILABL20,LABL2)

READ 500,X85,Y8S,G8S,08S

READ SOO,LABL22,LABL23,LARL24,LARL2S,LABL26,LABL2T,LABL2A,LABL29,L
1ABL30,L ABL 3L

S00 FURMAT20A4)
OIMENSION TRAD(20), RADIST(20)
OINENSION TOR(100),T0SL100),TNE(LOO)
4 END PLOT OIMENSION

DIMENS ION 1711500, ARHOP(20) .

1 #6120}, 16¢20), T71420), CPLL20)
c

COCDEFINITION OF LABELED COMMON -~ BLKL,8LK2, AND BLX)
COMMON /BLRLZ TELS0NCLLI50)CRILSON oMILS0)NRI1S0),1800V(1042)
COMNON /BLR27 RADEIIL1)NODES(10),XR7020)1,8€TAL10)LPL20).RHOIZ0),
2ENISS, RHOLCPE  ARRELBOYRILLIRILIS0IRITINS0)DRINOI LRI HTELILD

c

COSINITIALIZATION UF VARJARLES NOT LOCATED IN LABELED CONNONM
DATA  RAUN, TNUM, TOENOR, D2 ,DTENER,DDT R, I X NOODY/Z |y
2 e0¢ los Loy +005, 2% 3o 2/

4

COSREAD CHARACTERISTICS OF PROSLEN -~ RAN INPUT DATA

1 4
COSDEFINITION GF NAN AND NAM)

NANELEST /ZNAN/Z T KRUN. TNUN, TOENOR, NODESe ERI.BETACPAN0,B0VR,
2618802, ODUINEX,ODTR, IR, NBODYCPL RNOLRARLRADIT oA, LT NRD,NSC
S/NANL 70T INER,ODTR 00, 11 WRODY IR, RRARZ ANOLGCPLIENISS, TUN, TOENUN,
$ NODES, As118.MRDNSC

C N2Ns2  CHECRS NN. OF AOUNDS AS & WL TIPLE OF ).
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00070
00080
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00110
00l130
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N2Ns=2
KKRs 0 ' , : .
Coooos00esoNCPLOY =2 Oy -1, UK | 00000000800 00002800088800000¢0080000900006000080¢
Cosooo000ee NCLPLUT = ~] WHEN NO PLOT 1S DESIRED ©00000000000000005000008000000000¢
Coseosessee NCPLOT = O WHEN HUTH RADIAL AND RES PLOYTS ARE DESIRED®essesscsesdssse
Cossososeee NCPLOT = | WHEN UNLY UNF :UF THF TwQ TYPES OF PLOTS 1S DESIREDesessee
CO00000000ONBRPLT = U, NR | 008600000008 0000000508000500000000000000800000600030
Coveossooee NBAPLY = U WHFN THE RAUIAL NR BUTH THE PLOTS ARE DESIREDPesvecesense
Co000008000 NBRPLY = | wHEN ONLY THE RLS PLYINY [S DESIREUDPS0000000000000000080000
CosooesseesuntN NCPLOT = O, NBRPLT MUST ALSD 3 0. 90000000000000000000000000000"
NCPLOY =~}
NBRPLT s O
1F § NCPLOT .EQ. -1 ) GO 10 2
IF  NBRPLT EO « 1 ) GU 10 &80
XRAD = O ,
{F ( NCPLOY .EO. 0 ) GO TO 480 ) ‘
- G0 Y0 2 '
480 KBRSK = |
IBR(KOISKI s 70.0 : :
TOS(XKBRSK) = 70.0 '
TREIRBRSR) » 0.0 ; :
2 READIS,NAN)

FOLLOWING CARDS ARE REQUIRED IF DESIRE 10 RETAIN TIMF PLR AURST,
. BUT A LOCATION CHANGF REQUIRES VARYING MARREL THICKNFSS.
D20LD 1S OmiIGEINAL D2 VALUF IN FEET. .
DIOLD = 0275 _ : *
OINEW 1S PRESENT VALUE OF OF,
OINEW ¢ O2°
DT IMEx = DlOlO o0 2, ¢ DIINEX / DZNFU s 2

I 2 XXX

vt
00 3

(1)
.= 14 NBQDY )
3 oyt IOUT ¢ NODES(!)
1ot 1117} SR |
ToutTsS = TLIOUY)
CALL TGHGITOUTS, TOTSAVGHG)
TEl) = tOTS
BOYRIL) s RKRZ /7 AVGMG

[ 4 1F NCR STAYS IFnD THEN THERE 1S AN EVEN NO. OF ROUNDS PFR BUAST,
NCK=0 ,
iaxs Mlﬁlo
IFCIRX.EQ. O) 18an)
IFINOOINRDN2N} .£0Q. 0) GO 10 o
NCRs )
DIingx= DIINER/2,
IRR REPRESENTS THE RURST TO AE PRINTED (EVERY (ax BURSE),
NRD REPRELENTS THF %U. OF ROUNDS PER ALRST,
NSC REPRESENTS THE N0, OF SECONDS OF COOLING.
. & PRINT 2D2,8R0D,%3C -
202 FURARATIIM] 192,15, 100 lﬂU“O IU‘Sii AND 15,000 SECONDS COMLING/) -

(o X q 5]

NiBsvR0/2
4 418 1S NUNRER OF PASSES PTR SURSS

IPINCE o€Q. 1) %IB = NRD
¢ NICewIBoNSCO10/ ) (IF & WULTIPLE OF 3)

NIC s NIB o NSC ¢ 10 / 2
4 NIC 15 NUNBER OF PASSES PER BURST PLUS WURBER TrAU COURL ING

LWRIC s INIC - IR 7 2 o NIB

NaReQ
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C
C+*CALCULATE DIMENSIONLESS LUMPED PARAMETERSy HX(I) AND CtE)
C

CALL LUMP (11,NBODY,DZ,TTY1,CP1}

C
C
C**WRITE PROBLEM PARAMETERS
WRITE(6:NAML)
WRITE(6+5)
S FOF AT { THOREG 10N, 3XSHIBODYs 3X SHRADII(FT) ,SX6HORIFT) , SXBHBDYR(FT),

26X2HTPy 8X3HRHD» BX2HKZ ¢ 6X4HBETA )
WRITEL6,T) (I, IBOOY(Js1)oTB0DY(Ss2) yRADII(J) yOR(S)+BDYR(J) CP(J)y
2RHO(J )y XKZ(J)y BETA(Y)e J=1,NBODY)
7 FORMAT(13,18,1453E12.3y F10.3,2F10.14F11.6)
1 = NBODY ¢+ 1
WRITE(&y 9)I,RADIE(I),BDYR(I)
9 FORMAT(13,12XsE12.3912XyEL2.37/)
WRITE(6411)
11 FORMAT (3X1HI» 7X5H H(I)y 12X&HC(I)}¢e 12X4HT(I)e TAS6HRADIUS )
WRITE(6013)( 1y HIL)oCUI)oTUL} 4RI}, I=1,11)
13 FORMAT (14,2E16.4¢F13.2,F13.5}
J1 = I1-1
D0 90 I=2,41
RADIST(I-1) = RI(I)
90 CONTIMUE

Jdd = 1-1
c
Cx*CALCULATE OR INITIALIZE VARIOUS QUANTITIES -—— SAVE T{(I) AND DTIMEX
TSEC = DI*%2#RHOZ*CP2#%3600./XKRZ
IIML = [I - 1
IiM2 = II - 2
[Pl = 11 + 1

D0 15 I=1,11P1
15 THI) = T
ATIME = DTIMEX
NDDTX=DDTX
N=Q
NMN = 0
TAUY = .0
CALL TAVE(II,1IP1)

SQIN = 0.0
SQSTR = 0.0
SQUT = 0.0
NT = 0
00O 17 4 = 1,NBODY
NT1 = NT ¢+ 1
NT = NODES(J) + NT
D0 17 I = NTL4NT
17 RHOP(1) = RHO(J)
c
C
Cx#STARY OF SOLUTION OF PROBLEM
c
18 CONTINUE
TOUTS = T(I0UT)
LALL TGHG(TOUTS,TOTS.AVGHG)
T(1) = TOTS
BDYR{1) = XKRZ / AVGHG
CALL LUMP (11,NBODY,D2,TT14CP1)

28
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00300
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00360
00370
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00390
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490

00500
00510
00520
00530
00540
00550

00610
00620
00630
00640

00660
60780

00820
00830
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C POINT OF MAJOR LOOP ENTRY -— SN25(NO NEW DTIMEX), SN24(NEW DTIMEX)
IFUIRET .EQ. 2) GO TO 25
00 19 I=2,11IN1 .

19 CX{I) = C(i)/0TIMEX®2.

25 NNM¥ = NMN

CALL CHANGE(NBODY TSEC+TAUT»I1IoIXsNsNMNoNIB.NIC)
NMN = NNMM
CALL SOLVE (T1MLl,1IM2,(1,NBODY+BETA,TAUT)

c
DETM = DTIMEX * TSEC / 3600.0
QSTR = 0.0
0C 27 t = 1, NT
QSTR = (RECI + 1) — RILID)® RHOPUI) * CPLI) * 6.2832 * RI(I) = (T
141) - I7L 1)) /7 DETM + GSTR
27 CONTINUE
QIN = HXIL)*XKRZ*6.2832%(T(1) - T(2))
QOUT = HX(IIML)®XKRZ#*6.2832%(T(1IM1) - TCLIID)
SQIN = SQIN ¢ QIN * DETM
SQSTR = SQSTR + QSTR * DETM
SQUT = SQUT + QOUT * DETM
SUM = SQSTR « SQUT
ENBL = (SQIN - SUM) / SQIN * 100.0
C
00 29 I=1,11P1
29 TUI) = T(1)
N=N+1
NMN = NMN + 1
TAYT = TAUT ¢DTIMEX
C

C*#IF N/IX IS AN INTEGER CALCULATE VARIOUS QUANTITIES AND STORE ITEMS
CALL TAVEUIL,IIP]1)

o
C*#END OF TIME STEP
IF(NMN .NE. NIB) GO TO 31
DTIMEX = DTIMEX * 2.
WRITE(6,203) DTIMEX,NIB
203 FORMAT{( /21H NMN=NIB AND DTIMEX =4E12.5+10X,6H NIB =,15)
GO 1O 33
31 IF{NMN .NE. NIC)} GO TO 33
DTIMEX = OTIMEX / 2.
WRITE(65204) DTIMEX,NIC
204 FORMAT( /21H NMN=NIC AND DVIMEX =4E12.5910X96H NIC =,15)
33 IF(NCK .NE. 1) GO 7O 35

IRET = 1
GO T0 37
35 IRET = 2

37 IFINMN +EQe. NIC) GO TO 41
TIF{MOD(NMN, 25) .NE. O0) GO TO 18
GO TU 42

41 NMN = 0
NXM=NxM+1

42 TF{MODINXM, IXX) .NE. O) GO TO 18

CALL RESULT(TAUT,IIML,11yTNUM, TOENOM:DZ NBODY,QSTRoDETM,SQSTRENBL

2+11P1,SQIN+SQUT,TIME)

IF ( NCPLOT .EQ. -1 ) GO TO 331

IF { NCPLOT .EQ. 1 AND. NBRPLT .EQ. 1 ) GO TO 321
KRAD = KRAD+1

TME(KRAD) = TIME

DO 311 =215

TRAD(I-1) = T(1)

311 CONTINUE
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CALL GRAPHMUISJIIZRADEST, TRADoiLo1010.5¢10.5¢0¢0,0¢0¢XLABYLAB,GLAB,D
1ATLAR)
ALL LETIFRI2.009.8¢0.2¢LABLLs0+sA0¢0¢Ns0+0+¢040,0,0,0,01)

CALL LETTERE 1001004041 ¢LARL2,0480,0,04040¢0¢0¢0¢040,0)
CALL LETTERI1.001.4:0.100LABLB,0¢804000¢0+090:0:0,0,0,0)
CALL LETTER(1.001.200.19LABL&,0¢8040¢0¢0:0,0¢0¢0,0,0,0)
CALL LEVTER(1.091.040.1.,LA8L340:80,0,000400040,0,0+0,0)
CALL LETTER(1.0,0.8:0.1sLABLO:0¢800¢0¢00040+0:0:0460,0,0?
GU TO (7006710:720:730,740,750,760,770),KRAD

700 CALL LETTER{L1.040e0e0.1¢LABLS5,0:¢80,0,0,04000,0,0,0,0.:0)
Gu 10 aAas8

710 CALL LETTER(140000600.1eLABLO¢0¢80¢0+10¢0+0¢0¢040+0+0,0)
GO TU ¥88

720 CALL LETTER(1.000.6¢0.14LABLLIG40980¢000¢09040+0+,0,0:,000)
GO 7O 848

730 CALL LETTER{1.0¢0.5¢0.1+LABLL1+0:8040¢0:000+0¢0+0,0:0¢0)
GU TO 888

740 CALL LETTER(1.00046+0.1,0LABL12,0,80,0,0,0,0,0,0,0,0,0.,0}
GO 10 888

750 CALL LETTER{1.000.6+0.1¢LABLL3¢0+80¢090+0¢0¢0:0¢0¢0:0,0)
GU TO 888

760 CALL LETTER(L.0+0.690.1,LABL14,0,80,0,0004090+0+0,0+0.0)
GO 1O 888

T70 CALL LETTER(1e000.6¢041¢LABLLIS90¢800¢0¢0¢0¢0+0+0¢0¢0¢0+0)

888 CALL LETTER(1.00042¢0.1.LABLT7:0,8040,040:0,0,0,0,0,0,0)
IF { NCPLDT .EQ. O ) GO TO 321
GO 10 31

321 XBRSK = KHRSKe]
TBRIXKBRSK) = T(2)
TOS(KBRSK) = T(I10UT)
THME(KBRSK) = TIME

C NXM INCICATES WHICH BURST HAS BEEN FIRED.
331 IFINXN .GE. 1) GO 1O 45
C ABOVE IF STATEMENT INOICATES NUMBEP OF BURSTS TO BE FIRED.
G0 10 18
C 0i200

CeoRESET INITIAL CONDITION AND TIME INCREMENT -- READ NEXTV CASE -~ SN26 ol210

45 XKR = KKR ¢ ]
IF ( NCPLOT .EQ. -1 ) GO TO 365
IF { NCPLOT LEQ . O AND. NBRPLT .EQ. O ) GO 7O 360
IF ( NBRPLY .EQ. O ) GO 71O 365

360 CALL GRAPHIKBRSK,TME,TBRy1191410.5+10.540,0,0,0,XBS,YRS,GBS,08S)
CALL GRAPHIKBRSKyTME TOSs1141,4040,0,0409040+04040)
CALL LETTER(2.009.500.20LABL22+0¢8090¢0¢0+0+0¢0+0+0:0+0)
CALL LETTER(2:009.1¢0.2+LABL23,0¢80+0¢090+0+0¢0+0+0,0,0)
CALL LETTER(2:.59203+0.1,LABL2440,80¢040+000,0¢0¢0+,0+:0:0)
CALL LETTER(Z20502+100410LABL2510+80¢000+0+000+090+0:0+0)
CALL LETTER(2.59149¢0,19oLABL26¢0¢80¢0¢0+0¢090+0+0:0+040)
CALL LETTER(2:.501790s1,LABL27+048040+040+04040,0,0,0,0)
CALL LETTER({2.5¢11:5¢0.1¢LABL28B¢0+80¢0¢0+0¢00¢0+0+0+0,0,0)
CALL LETTER{245¢1¢3¢041,LABL29:0,804040¢0+4040,0+0,0,0,0)
CALL LETTER(2¢501e190e14LABL30+0+80:0¢0+0+0+00¢0¢0+0+0,0)
CALL LETTER(2:5+049+0.1oLABL3L10¢80¢0¢0+0¢0+0+0¢040+0,0)

365 [F{KRUN .GE. KKR) GO TO 370
DVTIMEX = ATIME
00 47 t=i,11P1

7 T{1) = TT(1)

GO 10 2
370 CALL EXIT
END 01260

SUBROUT INE LUMP{11+NBODY+DZ,TT1:CP1)

30




CIMENS TN TTIe1s0), RHOP(20)

1 HGL20), 16120}, T11L10), CPLLLOD
C
COMMUN /BLKL/ T(LS0),CU150)CXULSO)sMILSC)HXIL150),1B00YIL0,2) ol280
CONMON 76LK27 RADITULL) o NODESELU) o XK2(20) ¢BETAILO)CPI20) 4RHLI20),
2EMISS,RHOZyCPLXKRZyBDYRILL)R1I(150),RIT(1S0),URL10)D 01300
c 01310
CesTHIS SUBROUTINE CALCULATES THE DIMENSIONLESS LUMPED PARAMETERS 01320
Al=RHUI*(CPleD2es?2 01330
¢l = .0 01340
ctl) = .0 011350
IF{BOYR{1).EQ..0) GO TO 3 01360
HX U1} = RADII(L)/ADYR{L) o130
Hil) = KX(]1) 01340
1800Y(1,1) = 2 01390
GO 10 S 01400
3 1800Y(1,1) = 1 ol4l0
5 RICL1) = RADIILL) 0l&20
C 0l«30
COsBEGINNING OF LOOP TO CALCULATE Cil) AND HUI) FOR NBODY REGIONS(Y) 0l440
00 9 J=1.NBOOY 01450
DRR = RACII(Jel) - RADII(I) 01460
OR{J) = ORR/FLOATINODES(J}-1) 0l«l0
1800Y(J+2) = 1BUDYLJ,1) ¢ NODESLJ) -} ol&80
18 = 1800OY(J,1) 01490
Ie = 180UCY(J,2) - ] 01500
RILIB) = RADIILLY) 01510
C 01520
CosCALCULATION OF C(1) AND HU1) FOUR REGION J 01%30
00 1 I=18,1E 01570
c
CesUSE FOLLOWING IF WANT VARIABLE CP.
Ixy =~ |}

TEMPL = T(1)
CALL LINEAR(TEMPL,TT1,CPL,CPI,IXI)
cPLl) = CPy

=
2 XaXaXaXa)

IF{J NEe. 2) CP(I) = .11

IFtJ) .€Q. 2) CPUI) = .18

AJ = RHGIJ)IOCP(TISOR{J)I/AL

CUIB) = AJs(RI(IB) * DR(YI/G,)/2.4 CI 01550
CALL XKKS(I4XK2J)

XKZ(1) = XKZJ

IF(J JEQ. 2) XKZ(1)=].0

XKDR = XKRZ ® DR(J)

BJ = XKZ(1)/{(XXRZ®DR(J))

c
HU1) = BJSIRL(L1)*DR(J)/2,) 01580
RItIel) = RI(L) + DR(J) 01590
1 Cliel) = AJORI(1+1) 01600
CUIE®])) o AJSIRI(TIE*L)-OR(J)/4.)/2, 01610
C 0lé620
CoeCECK TO SEE IF INTERFACIAL RESISTVTANCE IS 2ERO ANU PROCEEDN ACCORDINGLY 01630
IF{BOYR(J+1).€Q..0) GO TO 2 01640
€l = .0 01650
1800Y(Jelel) = [BODY(Je2) ¢ 1 01660
HX(IE¢l)m RICIE®L)/BOYR(J*]) 01670
HITE ¢1) » HX(IE¢l) 01680
GG 10 9 01690
2 Cl = CUIEe]) olL700
1800Y(Jel,1) = 180ODY(J,2) o110
31




9 CUNT INVE
TIFIBDYR(NBODY®L)NEL..O) GO TO 11
11 = 1€ ¢ 1
Go 10 13

11 Il = 1t «2
cirny = .0
13 HELL)Y = .0
RILIT)= RADII(NBODY ¢ 1)
c
CosCALCULATE THE OIMENSIONLESS RADIUS RI§
DO 16 1I=1.11
16 RITCL) = A{RLUI) - RADLICL))/(RADIIINBODY+1l) - RADII(1))
RETURN
END
SURRUUT INE SOLVE (I11M1,11M2,11,NRODY,RETA,TAUT)
OIMENSION GECI50)4FE(150),DE(L50),BETALLO0),BE(L150), BI(150)
COMMUN /BLKLZ T(150),CC150),CXU150)HEL150)sHX(150),1B00Y(10,2)

C
CeoCORRECT THE BODY CONDUCTANCES FOR VARIABLE CONDUCTIVITIES
1 DO 3 J=1,NBCOY
18 = 1800VY(J,1)
1€= 180DYC(J,2) - 1
00 3 1=18.1E
3 HX(T) = HiL)e(le ¢ BETALJI®IT(I) ¢ Ti(lel))/2.)
C

CeeSTARY OF ELIMINATION == CULANK=-NICOLSON ALGORITHM
00 9 1=2,11Im]
Cl = HX(I) & HX(I-1)
BE(1) = CXxt1) ¢ C1
9 Bl(l) = Cxt}) - C}
GEt2) = BE(2)
FE(Z2) = (BI(2)¢T(2) ¢ HX(2)¢TI3) & HXIL1)eT(1)®2,.)/GF(2)
0DC 5 1=23,11M}
DE(L) = -HX(1-1)/GE(L-1)
GE(Il) = BELI) ¢ HX({I-1)®DEL])
5 FE(L) = (HX(EYSTITL) ¢ HXUI-1)8T(1-1) ¢ RAI(L)eT(1) ¢ HX({I~-1)®
2 FE(I-1))/GECD)
FE(IIML) = FECIIML) & HXUTIML}ST{IL)/GE(LIMY)
C
CeeBACK SUBSTITUTION
T(IIML1) = FE(IIM])
DO 7 [=2,11M2

Jd =11 -1
? T{J) = FE(J) - DELJel)eT(Je])
RETURN
END
SUBROUT INE RESULT{TAUT,IIMLy 11, TNUM,TDENCM,DZNBUDY,QSTR,DETM,
2 SQSTRLENSBL, 11P1,SQUN,SQUT, TIME)
DIMENSION TSTAR(L1S50),XM{10), Y1500}

COMMON /BLKL/ T{150),CU150)+CXI150)¢H(150)HXI150),1B00Y{10,2)
COMMON /BLK2/ RADILI(11)oNODES(10)yXK2(20)4BETAILO)CP(20)RHOI20),
2EMISSyRHOZyCPZyXKRZyBOYRILL)RIC1SO},RIT(L50),DR(1O)
C
Ce¢CALCULATE DIMENSIONAL TIME,HEAT FLOWS PER UNIT DEPTH, TSTARS, M'S
CesAlLD WEIGHTED AVERAGE TEMPERATURE. PRINT THESE QUANTITIES.
CALL TAVE(LL,11IPY)
TSEC = 0OZ%e2 ¢ RHOZ® CPZ ¢ 3600,/ XKR2
TIME = TAUT & TSEC
QIN = HX{L)®sXKR2®&.,2832%(TI1) - T(2))
QOUT = HX(TIM1)I®XKR2®6,2832¢(T(]IML} ~ THII1))
PRINT 100s SQIN, SQSTR, SQUT.O ENBL

32

oLr2o
0lzin
ol7en
0l 7%0
WLI60
oLrero
01180
I 190
NIAON
01RLN
ol32n
01830
01840
01840

018N
01880
0Lu9N
017900
ol910
nla2n
0l230
N1940
oLasn
01960
Qlan
ulaan
019490
02000
02010
02020
020130
02040
02050
02060
p201n
C208N0
02090
02100
02L1n
02120
021130
02140
02150
02160
021170

02210

62230
02250
02260
02210
02280
02290
02300
02310
02320




100 FURMAT(SX, L1H QIN SUM = ,EL12.4s 5X, 15H QSTORED SuUM¥ = , €12.445%,
1 12H QUUT SUM s o EL12.4/ 35X, 20H FNERGY BALANCF € = , El2.4)
PRINT 31,VSEC,TAUT,TIME

31 FORMAT{/TH TSEC =,E12.50)9H TAUT =2,F12.594 TIME =,€12.57)
00 1 [=leltPl

1 TSTAR(LY = (TUI) - TNUM)/TDENQM
WRITE(6,5) TAUY
5 FORMAT(///722H0 DIMENSIONLESS TIME =cF7.3,10X28HHMLAT FLOW PER FT {

2BTU/HR=-FT) )
WRITE(S,T7) TIME,QIN,QOUT
7 FORMAT(22H REAL TIME (SECONDSI=,EL1.3,3X4HQIN=EL2.3,TH QOUT=z,EL2
2.3)
C
Ce*PRINT THE OIMENS IONAL TEMPERATURES
WRITEC(O,LL) TULliolIML tT(]),I32,11M))
11 FORMAT( /73ISHOTHE ODIMENSIONAL TEMPERATURES ARE /6M Tt1)=,F10.2/
213H T(2) THRU Tly13,9H) FOLLOW/(S5F10.2¢5X¢5F10.2))
WRITE(G,13)11, TLI1)y TLILIPL)
13 FORMAT(3MH Tio13,2H)=,F12.2,6X THTLAVE 13,F12.2)
RETURN
END
SUBROUTINE TAVE(II,1IP))
CUMMON /7BLK1/7 T(150)+C0150)¢CX(150),H{150)HX(150),1B00Y(10,2)

c

COSCALCULATE WEIGHTFD AVERAGED TEMPERATURE AND STORE IT IN T(1IPL)
SUM = L0
SUM2 = .0

00 39 I=1,11
SUM = SUM o ClL)eT(I)
39 SUM2 = SuM2 ¢+ CI1)
T{IIP1) = SUM/SUM2
RETURN
END
SUBROUT INE CHANGE (NBODY, TSEC, TAUT 1141 X NNNoNMN,NIB,NIC)
OIMENSION HZ(11)eNLELLDNZILDL)
COMMON /BLK1Z T(150)+sC1150),CX(150),H{150)4HX(150),1800Y(10,2)
COMMON /8LK2/ RADIT(11),NODES{10),XK*{20),BETA{10),CP{20),RHC(20),
2EMISS RHOZ4CPZo XKRZ¢BOYRIL1L)4RI{L50) oRIT(L50),0RI10),A(9),1TB(LL)

C

C J s NUMBER OF R'S WHICH ARE TEMP, OR TIME DEPENDENT

C N1(J)= RESISTOR NUMBER -- NitJ) = Ji

¢ N2(J)s RESISTOR TYPE

C HZ(J)=s RESISTOR'S INITIAL VALUE

c A = ARRAY CONTAINING COEFFICIENTS FOR FUNCTIONS, EXPONENTS ETC.

C TSEC = CONVERSION FACTOR (REAL TIME IN SECONDS = TIMEX®TSEC)

C EXPOLs EXPONENT N WHERE H = HZSABS{T(JLl) = ViJlel))osExPOl

c ITB = ARRAY CONTAINING TYPE KEY FOR ALL BOUNDARY RESISTORS

c TYPE = 1 ¥ = CONSTANT

c TYPE = 2 W = HISFI(TIME)

C TYPE = 3 H s HIO(DVIe®EXPOL

C TYPE = 4 H = HR ¢ HC

C TYPE = S M s HZSFSITIME) == FS 1S A PERODIC RECTANGULAR WAVE

c

C SYORE INITIAL VALUES AND DETERMINE WHICH RESISTORS ARE NOT OF TYPE 1
NIBLl=NIBe]
NICl=NICe)

IF(NMN.EQ. NIC) NHN=O
IFITAUT.GT..0) GO TO 1
N=0

NMN=0

N8 = [FIXR( ALB) )

33

02340
02370
02380
02390
02400
02410
02420
02450
02460
02410
02480
02490
02500
02510

02880
02890
02900
02910
02920
02930
02940
02950
02969
029170
02980
02990
03000

03020
03030

03050
03060
03070
03080
03090
03100
03110
03120
03130
03140
03150
03160
03170
03180
03190
03200
03210

03220
03230

03240




5
C

NY s LRI ALY) )

L - 1)

T = 1¢t1)

e = pMISSe L TL6r-49/Kru)

EXP(IL & A(T) 4b}

J = 0 4?»
FLETREII bQaL) U0 10 7 /Poo

J = 1 627
NLCLY = ) 62£
L PARS RN A LI NW

HZLL) = X))

DL S 1=1,nbt Y

fRElTBtleldargal) OGN T 8

J = J ¢ 1

NLIGJ)Y = IBnLYLl,2)

WL ) = tinilel

JiI = w1ty

MILJS)Y = BXUJL)

Cunt INUE

COePOINT GF FNTRY FOR TIMFLGTL2ERE == CALCULATE NEw BNY TEMPFRATURES

c
C

I TIME = TAUTOTSEC

C
CoolF

12
13

1

15

i

2l

10

l

TELL) = THIetl. ¢ TIMFOUALS) ¢ AlG)eTImf))

ALt R°*S ARE CONSTANTS RETURN OTHERWISE RECALCULATE THOSE CHANGING

THlJabuaD) RETURN

LO 11 =140

JI = NLLL)

OTEMP = AHSITULIL)-TIJLle)))

lf(l‘:H‘N'.&U..O) l"EHp=l-

Moz N2UL)

GOOTC (1lel2413,14,15),M

MXCJL) = ML) o(1, ¢ AISIOSIN(ALA)ISTIME))

GO 1O L}

HALJL) = HILL) o LTEMp set XP()]

GU 10 11

TA = TUJ1) & 460,

T = TtJlel) o 460,

HXtJLl) = HReR[{J1) S(TA®S? o THS®2)$(TA ¢ TH)
¢ HILLY o [TEMP o0 EXPY]

GU 10 L1

EFINMNGLT NIRLY HXEJLD): H2LT)

TFINMN,GT, NIB JAND. NN LT, NICL) HXEJL) = HM2L1) & AL(S)

IFlN. (9N ==

N = N o |

NMN:NMNS |

CONT INUE

NNL 3 NNN o )

EFLECMODINNL IR oNEGOD) DR 1 J.EQeO)) RFTURN

00 21 Isly)

J1 = NLL)

Tllloelel) = MELJL) ® XKRZ / RILJY)

ReTURN

END

SUBRUUTINE XKKS(!,XKk)

COMMON /ALK L/ TLLS0),CLI50),CXE150),HIL50),HX{150),1800Y(10.2)

Ti=til)

IFLTT=-1472.) 10,010,106

AK=28,30~-,00R70¢TT

34

BRI
Nn37260
032N
03260
0324n
03300
03310
03320
031430
0334N
03350
03360
033rn
03340
03 3vr
03400
03410
03420
03440
03440
0345n

034K0
03490
03¥50n
03510
03520
03530
03540
03%%0
01%60

013580
035490
03600
03610
03621
03630
03640
03650
03660

03690
03700

031740
037150
03760
03170
0340
n3ren
03800
03810




B .

6GU T 20 4’0)
14 XK=10.39¢.0036476T1 QF
20 CUNTINUE AQQ
30 RETURN 9y
END 6752
SUBROUT INE LINCARIA, Xy YoVV, 1) £
DIMENSIUN X(20),Y(20)
1 IF(Y(1e1) LT, YUI)) 6O TO 100
c USE FOLLUWING IF AS Y INCREASES X INCREASES
10 TF(A-A(1}13,2,2
c USE FOLLOWING IF AS Y INCREASFS X DECREASES
100 I1F(A~X(1)02,243
2 1=101
GO 1O 1
3 1=1-1
VVEY LIS (A-XUIOLIIZUX(TII=-XTTo ) boY{loldotA-X())Z (Xt 0L)-X12D)
RE TURN
fND
SUBROUT INE TGHG(TOUTS, TOTS,AVOHG)
1TS = TOUTS
C RATIO = 3.268
AVGHG = ,866956E-03 & TIS 06 2 = 62277 & TIS ¢ 312.44
TOTS = .1161224F-03 & TTS o8 2 - ,4496% & IIS ¢ 1626435
AVGHG = AVGHG ¢ ,20 ® AVGHG
TOTS = TUTS ¢ .40 ¢ TOTS

RETURN
END
BLOCK DATA 03820
C 038130
Ces INITIALIZATION OF LABELED COMMON TU DEFAULT VALUES 03840
COMMON /BLKLZ TU1501,CU150),CXU150) HIL50) JHXL150),1R0DY(10,42) 03RSO
C
CUMMON /8LK27 RADII(LL)oNODES(10)4XKZ2120)BETA(L10),CPL20)RHULL20),
C
CEMISS RHOZ4CPLyXXRL,ROYRELLDIRTILLISO)IREILELS0)DRILO) (AL LTHILL) 03¥IAz0
CATA EMISSIRHOZ +CPL o XKRZ 4 XK 4BETACP s RHU/
C
2 les ©90ceelle 1040 2001049 100,002090.11,2004920,0
C
Y} /oNODESsToBOYR/Z71005, 1.e109%,0,110.0/,A,1TB/0%.09e25420.0,1101/ 03910
END 03N

35




APPENDIX C

Modified M60 Gun Barre) Design Data
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